ABSTRACT This paper introduces a novel free-space terahertz (THz) characterization setup featuring an electronic-based technique and miniature additive-manufactured hemispherical lens antennas. By using in-house custom-made hemispherical lenses, radiation characteristics of the electromagnetic (EM) wave of the measurement setup, e.g. the radiation pattern as well as the collimated and focused beam size of the THz beam, can be precisely predicted and synthesized by appropriately selecting the radius size of the lenses. This technique eases design and measurement setup complexity as compared to the existing conventional THz measurement setups without compromizing the measurement accuracy and reliability. To demonstrate the THz measurement setup developed in this paper, an asymptotically single-mode hollow Bragg fiber operating from 0.246 to 0.276 THz was characterized for its EM transmission properties. The measurement results characterized by this setup are in good agreements with the results obtained from the analytical study and a conventional free-space THz measurement system. The novel THz measurement technique was also characterized for its critical properties, e.g. reliability, repeatability, sensitivity, and accuracy, indicating that the setup can achieve highly accurate measurement quality while still offers various advantages compared to all other existing THz measurement setups such as ease of measurement that allows non-THz expert to setup, setup flexibility, cost-effectiveness, smaller required measurement space, less sensitivity to measurement environments, etc.
is the THz characterization technique generally suitable for THz components fabricated using planar and on-chip technologies [23] [24] [25] [26] [27] [28] such as sub-millimetre-wave monolithic integrated circuits (S-MMICs) and terahertz MMICs (T-MMICs) [27] , [28] . The contact THz measurement technology uses the same concepts normally employed in RF and microwave measurements by using high-frequency measurement extenders connected to a network analyser. The measurement setups can currently cover the THz frequency band ranging from 300 GHz to slightly more than 1.1 THz [27] depending on the contact probes and frequency extenders used in the measurements. However, contact measurements introduce a contact resistance at the physical interface locations between the measurement probes and the DUT as well as other parasitic effects, which strongly affects measurement precision and accuracy, especially at THz frequencies. Additionally, contact measurements have limited operational life-cycles of the probes due to mechanical degradation of the mechanical contact areas over time. They are also very expensive and the physical contact force at the probe areas can easily cause fragility of the measurement probes, limiting their reusability.
Free-space measurements, widely used in characterising THz components [3] [4] [5] [6] [7] [8] , [13] [14] [15] , [19] [20] [21] , [29] [30] [31] [32] , are non-contact and use various types of antennas, e.g. horn antennas [7] , [30] , parabolic reflectors [7] , [13] [14] [15] , [20] , [30] [31] [32] and planar antenna [3] , [8] to transmit and guide THz test signals onto the input terminal of the DUT [3] , [30] [31] [32] and receive the THz responses from its output. The free-space measurement technique eliminates many limitations of the contact probe measurements, including limited probe lifetime, mechanical and electrical degradation of the contact surface due to the contact force and fragility issue. However, the system setups require many costly components, e.g. parabolic mirrors, reflectors and alignment tools, therefore; they are generally very complicated and require an experienced engineer or scientist to build a reliable setup. Depending on the power source used to generate the THz signals [33] [34] [35] [36] [37] , the free-space measurement techniques can be apparently categorised into: 1) laser-based and 2) electronic-based THz measurement setups.
The laser-based THz measurement setups generally use laser sources, e.g. quantum cascade laser (QCL), photoconductive antenna (PCA), electro-optical conversion (EOCs), uni-travelling-carrier photodiode (UTC-PDs), and photomixing, to generate high-power terahertz radiation with very broadband characteristics up to several THz. The laser-based measurement setup is normally very costly and inconvenient for setting up and performing a THz measurement since, for example, a cryogenic cooling system 38 is generally required to stabilise the operational humidity and temperature of femtosecond laser sources used to control energy of the THz pulse to milli-joule scale. Additionally, special attention must be considered because, during measurements and measurement setups, there is a high-intensity laser signal from a laser source and a cooling liquid flow, e.g. helium or nitrogen, which can be relatively dangerous if the measurements are not managed and performed properly.
The electronic-based THz measurement systems rely on electronic sources, e.g., backward wave oscillator, stimulated terahertz amplified radiation (STAR), and harmonic multiplying, which are widely used in THz imaging [8] , [10] [11] [12] , wafer testing [27] , [28] , and material characterization [2] , [4] [5] [6] [7] systems due to simplification and miniaturisation of the setups. The electronic-based systems combine various advantages from both close-proximity and laser-based measurements, for examples, no laser sources and cryogenic cooling systems are required while the setups use high-frequency extenders and network analysers, as in standard RF and microwave measurements, but without physical proximity between the DUT and other test components. However, electronic-based THz measurements are normally narrow band, due to frequency limitation of the high-frequency extenders, and still relatively complicated since many components and tools such as parabolic mirrors, reflectors and comprehensive alignment positioners are required.
This paper presents a novel free-space electronicbased THz measurement setup featuring custom-made photopolymer-based hemispherical lens antennas fabricated by digital-light manufacturing process. The key concept in this work is to precisely define and synthesize EM propagation characteristics, especially the collimated and focused THz beam size at a required distance by appropriately choosing the radius size of the three-dimensional (3D) lens structures. From this measurement concept, several advantages, as compare to all existing state-of-the-art THz measurement techniques, are achievable. The measurement setup developed in this work is relatively compact and uncomplicated since only two hemispherical lenses are used without any other additional components, e.g. horn antennas and parabolic mirrors, requiring no expert to build the setup as well as reducing environmental and setup errors. Moreover, since the lens antennas can be simply designed and fabricated by using in-house cost-effective rapid-prototyping digital-light manufacturing process [39] , the measurement setup can be swiftly custom-designed to match to any specific measurements at relatively low low-cost as compared to all existing conventional THz measurement setups. The THz measurement setup in this work was demonstrated by characterizing an asymptotically single-mode hollow Bragg fiber operating from 0.246 to 0.276 THz [30] . The measurement results are compared to the analytical and measurement results obtained from a conventional free-space measurement. Furthermore, accuracy, sensitivity, repeatability and reliability of the measurement setup developed in this work are characterized and discussed.
II. FREE-SPACE ELECTRONICS-BASED SETUPS
A. CONVENSIONAL FREE-SPACE MEASUREMENT SYSTEM conventional and nonconventional characterization systems with various tools and components required for measurements and directions of THz collimated beams used to measure a DUT and the measurement technique developed in this work. The basic measurement principle of the conventional free-space THz measurement system [30] , [32] is depicted in Fig.1(a) . In the setup, for a two-port DUT measurement, two rectangular-waveguide (RWG) high-frequency extenders are connected to a network analyzer and are used to generate (T x ) and receive (R x ) THz test signal for the measurement system. A horn antenna is mounted at each extender to define EM radiation properties of the collimated THz beam, e.g. radiation direction, beam spot size and focal feed point, depending on characteristics of the antenna used in the setup such as half-power beamwidth, realised gain and etc. The radiated THz beam emitted from the horn antenna at T x extender is collimated and focused onto the DUT input port by a set of off-axis parabolic mirrors [7] , [15] , [30] [31] [32] . By using another set of parabolic mirrors, the THz responses from the output port of the DUT is directed and focused on to the horn antenna attached to the R x frequency extender and further processed by a THz signal detector in the network analyzer. Therefore, the total measurement distance of the THz beam radiation depends on the required focused feed location and spot size of the beam at both T x and R x , which are in a very strong relationship with the radiation characteristics of the horn antennas, and, thus; large setup area would be required only for a single measurement. Additionally, both high-frequency extenders, all parabolic mirrors and the DUT are attached to the position-adjustable stages to achieve an accurate position and distant alignment with two auxiliary visible laser beams initially used to determine the focal point of each parabolic mirror.
B. NON-CONVENSIONAL FREE-SPACE MEASUREMENT SYSTEM
In the nonconventional free-space THz measurement [4] [5] [6] , [30] [31] [32] , as shown in Fig.1(b) , a pair of high-frequency extenders and horn antennas are still used with the same functionalities as in the conventional techniques for two-port DUT measurements. The parabolic mirror at the T x side is now used to direct and focus the THz collimated beam onto the input of the DUT through a hemispherical lens structured fabricated by using high-resistivity silicon substrate [4] [5] [6] . Another parabolic mirror is used to direct and focus the THz responses from the output of the DUT to the R x horn antenna for further signal detection and interpretation. The hemispherical lens structure provides an advantage in even further focusing the THz collimated beam for both transmitted and received signals onto and from the DUT as compared to the conventional setup. However, the setup is generally very suitable for only on-chip and planar component measurements since it requires a flat DUT surface to be attached to the base of the 3D lens structure to avoid a complicated EM boundary condition at the boundary interface.
C. FREE-SPACE MEASUREMENT WITH 3D DIELECTRIC LENS ANTENNA SYSTEM
Fig.1(c) outlines the working principle of the free-space electronic-based THz measurement setup developed in this work. The measurement setup still features two frequency extenders, for two-port measurement, to transmit and receive THz signals to and from the DUT, respectively. However, it entirely eliminates the requirement of using horn antennas and parabolic mirrors and use only a pair of 3D hemispherical dielectric lens antennas, recently published by the authors [39] , attached to the frequency extenders. By choosing an appropriate length of the hemispherical radius of the lens antenna during the design process, the radiation characteristics of the THz beam emitted from the lens, e.g. collimated beam spot size and focal point of the THz signal, can be accurately predicted and synthesized. Moreover, the fabrication process of the hemispherical dielectric lens used in this work features in-house digital-light processing (DLP) technique for rapid prototyping of 3D structures, enabling swift and cost-effective lens antenna fabrication and also ensuring very flexible custom-designed THz measurement setup. From our published work [39] , the fabricated hemispherical dielectric lens antenna can operate from 0.22-0.32 THz covering the whole WR-3 waveguide band and achieves a realised antenna gain of 16.1 dBi with a half-power beamwidth (HPBW) of 12 • . If higher frequency bands are required, basic scaling technique can be used to linearly scale all dimensions of the antenna to those specific frequencies. Fig.2(a) plots the simulated electric-field intensity of the lens antenna used in this work at three nominal frequencies, i.e., 0.22 (lower band), 0.27 (mid-band), and 0.32 THz (upper band), along the direction of propagation, z-direction, from 0 mm to 16 mm. The paraxial focus [40] , [41] , generated from the caustic rays of the 3D spherical surface of the lens structures and, thus, representing the lowest electric-field intensity, ranges from 2.1 to 3.4 mm on the z-axis for all frequencies of interest. Any distances along the direction of propagation falling within the paraxial region, shown in the yellow area in Fig. 2(a) , must not be chosen as the separation distance between the hemispherical lens antennas and the input terminal of the DUT since no THz signal is coupled into the DUT. On the other hand, the maximum electric-field intensity is found at approximately 9 mm for all nominal frequencies, which is considered as the optimum separation distance for the best EM coupling between the lens antennas and the input port of the DUT. Practically, it is relatively complicated to build a measurement setup with an exact separation distance, even by using a costly alignment system, e.g. three-axis laser-assisted and high-precision positioners. However, any distances between the DUT input and lens antenna slightly beyond the optimum point within the active region, shown in the green area in Fig. 2(a) , are also acceptable, easing the requirement of accurate position alignment. The optimum distance between the DUT output and receiving lens antenna can be found by using the similar technique previously mentioned by appropriately changing the separation distances, along the direction of THz radiation beam, from zero mm to slightly beyond the active region, by avoiding the paraxial zone, until the maximum signal transmission is shown on network analyzer. Fig. 2(b) plots the simulated axial ratio (AR) of the 3D hemispherical dielectric lens antenna over the whole WR-3 frequency band from 220 GHz to 320 GHz. From the simulation results, the hemispherical lens radiators have an AR of approximately from 27.5 to 40dB for the whole frequency band and, thus, the linear polarization of the collimated THz beam was used in the measurement system developed in this work. Figs. 3(a)-3 (c) present contour plots of the simulated cross-sectional electric-field intensity of the collimated beam at the distance of 9mm for 0.22 THz (lower band), 0.27 THz (mid-band) and 0.32 THz (upper band), respectively. From the simulation results shown in Figs. 3(d)-3(f) , the collimated beam spot sizes, calculated at 3-dB beamwidth points, for 0.22 THz, 0.27 THz and 0.32 THz were approximately 2.54mm, 2.01-2.14mm and 1.66-1.94mm, respectively. As previously mentioned, the sizes of the collimated THz beam can be precisely predicted and synthesized during the design and simulation process of the hemispherical lens by selecting the appropriate dimensions of the lens antennas used in the measurement setup. Fig.4(c) shows the conventional free-space measurement setup used to characterize the propagation characteristics of the THz Bragg fiber as the DUT. Two WR-3 rectangular waveguide (RWG) extenders operating from 220 to 320 GHz were provided by Oleson Microwave Labs (OML) and connected to Keysight Technologies PNA-X N5242A network analyser. A standard Line-Reflect-Line (LRL) calibration technique was used to calibrate the network analyzer and the high-frequency extenders by shifting the reference measurement plane to the output terminals of both WR-3 RWGs. At each terminal of the open-ended WR-3 RWG, a standard conical horn antenna operating from 220 to 320 GHz was terminated and used as a THz radiating component. Two parabolic mirrors were required at the input side of the measurement setup to control the THz radiation characteristics, e.g. the position and direction, of the collimated radiation beam. To achieve accurate the positioning of the mirrors, two FIGURE 3. Simulation results of the cross-sectional electric-field intensity plotted in perpendicular to the direction of the THz propagation, on the x-y -plane in the z-direction (Fig. 7) , at 9 mm of the 3D hemispherical dielectric lens antenna. The electric fields are plotted at three frequencies, i.e., visible laser alignment systems were used to determine the focal points of the parabolic mirrors as well as to accurately align all measurement components in the setup. By using this setup, the THz signal is firstly generated from the highfrequency extender and radiated from the WR-3 conical horn antenna. The radiated THz beam was guided and controlled for its precise direction and radiation characteristics by using two parabolic mirrors. The Bragg fiber was placed at the focal point of the second parabolic mirror to ensure that a collimated THz beam was appropriately coupled into the input terminal of the THz fiber. At the output terminal of the fiber, a THz signal was radiated out and subsequently received by using the conical horn antenna connected to the WR-3 highfrequency extender at the output side of the measurement setup. The intensive conventional free-space setup used to characterize the propagation properties of the Bragg fiber was recently published by the authors in [30] . The first visible laser was used to align two extender heads in y -direction, (b) the second visible laser was used to align two extender heads in x-direction. and (c) The Bragg fiber was placed in the system and the third visible laser was used to align the core of the Bragg fiber to the center of the both extender heads.
III. EXPERIMENTAL RESULTS

A. CONVENTIONAL FREE-SPACE MEASUREMENT SETUP
were placed on the movable stages, which are located on an optical bench to protect any vibration caused by the environment. The alignment setup procedure of the free-space measurement developed in this work, which are shown in Fig. 5 , consist of the following steps:
1. From Fig.5(a) , the first visible laser was used to align the y-direction of two extender heads. 2. From Fig.5(b) , the second visible laser was used to align in x-direction to get the maximum power from transmitter to receiver extender. 3. As shown in Fig.5(c) , the Bragg fiber were placed on the top of the sample holder. The third visible lasers were used to align the core of the Bragg fiber to the center of the extender head by adjusting the movable sample holder in x-direction and y-direction.
When completing the alignment, two 3D printed lens antennas were mounted on the both open-ended of the WR-3 RWGs. To control the distance between the Bragg fiber and transmitted 3D printed lens antenna in z-direction, the 3-Axis RollerBlock was used to adjust the distance in micrometer-scale. The fully measurement setup of proposed system were shown in Fig.6 . The distance between the Bragg fiber and transmitted 3D printed lens antenna was fixed at 9 mm to reduce the effect of the paraxial region of the lens antenna as described in Section ''Free-space measurement with 3D dielectric lens antenna system''. The received 3D printed lens antenna was placed at the output end of the Bragg fiber, similar to the previous work [30] . For VNA setup, the intermediate frequency (IF) bandwidth of the proposed measurement setup was set to 10 Hz, the smoothing factor was 3%, and 231 frequency points were used to record the data in the frequency range from 0.246 to 0.276 THz. The full measurement and analysis procedure consist of the following steps: 1. Measure the transmission coefficient S 21 of the length of 30 mm Bragg fiber. 2. Measure the transmission coefficient S 21 of the length of 100 mm Bragg fiber. 3. Use the cut-back calibration method to calculate the propagation loss of the Bragg fiber structure.
C. MEASUREMENT RESULTS
To evaluate the measurement setup developed in this work, two asymptotically single-mode Bragg fibers with different lengths of 30 mm and 100 mm operating from 0.246 to 0.276 THz were characterized for their EM propagation characteristics, which were subsequently compared to both analytical and measurement results, characterized by using the conventional free-space setup, reported in our previously published work [30] . Figs.4(a) and 4(b) show the cross-sectional sketch and fabricated prototypes of the asymptotically single-mode Bragg fibers, respectively, whilst Fig.4(c) depicts the conventional free-space measurement setup [30] used to characterize the THz fibers. The free-space loss (FSL) between the lens antenna and the input aperture of the Bragg fiber is analytically calculated using the Friis transmission formula based on the actual measurement setup used in this work. The FSLs at lower, mid-band and upper frequencies, e.g., 220 GHz, 270 GHz and 320 GHz, are 38.37 dB, 40.15 dB and 41.63 dB, respectively. The calculated propagation loss without the Bragg fiber is 0.13 dB/mm. The propagation loss characteristics of the THz fibers obtained from each different measurement setup, shown in Fig. 7 , were extracted using the cut-back calibration method for the nominal frequency band and are compared to the analytical results. Over the whole operational frequencies from 0.246 to 0.276 THz, the average difference of the THz propagation loss between the technique developed in this work and analytical results is 16.64% whilst the conventional setup achieves the difference of 11.92% compared to the analytical results.
Accuracy: To calculate the accuracy of the THz measurement setup developed in this work, at least three VOLUME 7, 2019 attempts of the EM propagation loss of the Bragg fiber were conducted. All measurement results were averaged and the standard deviation of 0.219 was calculated for the whole nominal frequency band from 0.246 to 0.276 THz. Subsequently, the average propagation loss characteristics were compared to both analytical calculations and measurement results obtained from the conventional free-space setup previously published by the authors. The THz loss characteristics measured in this work have good agreements compared to the results from both analytical calculation and conventional free-space measurement setup with accuracies of at least 83.36% and 88.08%, respectively.
Sensitivity: Misalignments between both input and output terminals of the Bragg fiber and the 3D-printed lens antenna for both off-axis and along the axis of the collimated beam were used to determine the sensitivity of the measurement setup. For the off-axis measurement, as shown in Fig.5(c) , the Bragg fiber mounted on top of the fiber holder was moved along the off-axis direction, x-axis, by using a three-axis RollerBlock positioner assisted by a visible laser alignment system. The fiber was precisely moved away from the initial stage, x = 0, where the input and output terminals of the fiber were perfectly aligned with the collimated beam of the lens antennas. The fiber was moved along the off-axis direction, x-axis, with the maximum distance of x max = 3mm and with a 0.5mm step, x, for each position. However, the distance between the input terminal of the fiber and the lens antenna, z-axis, was kept constant at 9 mm to ensure that the highest electric-field intensity was always achieved and the THz collimated radiation was always in the active zone. The vertical position, y-axis, was also kept constant at 0mm, which is the position where the collimated beam of the THz radiation was well aligned to both input and output terminals of the fiber. During each measurement, all propagation characteristics, e.g. reflection and transmission coefficients, were recorded for each step, x, after moving the fiber. The sensitivity measurement on the x-axis was repeated by three attempts and measurement results were averaged with a standard deviation of 0.187. The measurement sensitivity for the off-axis, x-direction, was derived from the slope of the non-linear transfer function of the propagation loss characteristics, which were plotted in Fig.8(a) for three different frequencies, i.e. 0.246 THz (lower band), 0.260 THz (mid-band) and 0.276 THz (upper band). From the plot, the slope of the loss characteristic and the rate of change of the slope are much higher at high frequency, meaning that high frequency is much more sensitive to the x-distance error compared to low frequency due to the shorter wavelengths at higher frequencies. By using a curve fitting software, Origin, the propagation loss characteristic as the function of off-axis distances of each frequency can be fitted.
At 0.246 THz (lower band):
At 0.260 THz (mid-band):
At 0.276 THz (upper band):
where PL(x) is the propagation loss in dB/m as a function of the distance change in x-direction (off-axis), x, mm. For the on-axis sensitivity measurement, as also shown in Fig.5(c) , the Bragg fiber was moved along the axis of the radiated collimated beam, z-axis, from the initial stage of z = 9mm, where the maximum electric-field intensity was achieved, to z = 7mm and z = 10mm, respectively. The step size of the z-direction changes, z, of 0.5mm, accurately controlled by the three-axis positioner assisted by the visible laser alignment system, was chosen. The positions on both x and y axes were kept constant at x = 0mm and y = 0mm during the measurement to ensure the perfect x and y-axis alignment between the input and output terminals of the fiber and the 3D lens antennas. All propagation characteristics, i.e. S-parameters, were measured and recorded after each distance change along the z-axis. At least three sensitivity measurements along the z-directions were attempted and the results were averaged and the standard deviation of 0.302 was calculated. Fig.8(b) plots the average propagation loss of the Bragg fiber at the on-axis distances of interest from z = 7mm to z = 11mm at 0.246 THz (lower band), 0.260 THz (mid-band) and 0.276 THz (upper band). The slope of each plot determines the sensitivity of each frequency in comparison with the on-axis distances. By considering z = 9mm as the boundary between paraxial and active regions, it is noticeable that the slope of the plotted curve in the paraxial region is higher than the one in the active region, meaning that the measurement results were less sensitive to the z-distance error in the active region for the same signal frequency. The propagation loss characteristic as the function of z-axis distances of each frequency can be fitted for each frequency of interest.
At 0.276 THz (upper band)
where PL(x) is the propagation loss in dB/m as a function of the distance change in x-direction, x, mm. Repeatability: The measurement setup was dismantled and rebuilt for at least three times to determine the repeatability of the measurement. The procedure used to setup the measurement system was exactly the same as well as all equipment and tools used prior to and during the setup process. All setup parameters, i.e. distances between the fiber and lens antennas, were also kept the same for all experimental attempts. The propagation loss characteristics of the Bragg fiber measured from each measurement were evaluated and compared and the calculated minimum, maximum and average standard deviation over the entire frequency band from 0.246THz to 0.276THz are 0.238, 0.412, and 0.317, respectively. Table 1 . show the figure-of-merit comparisons of the electronic-based free-space measurement using VOLUME 7, 2019 FIGURE 9. On-wafer THz-frequency measurement. (a) The transmitted and received antenna were placed on the same side and(b) the transmitted and received antenna were placed on the opposite side and the wafer-under-test was mounted between both lens antennas.
3D-printed hemispherical lens antennas developed in this work with other published works, [3] , [8] , [13] , [23] , and [30] .
IV. CONCLUSIONS
A novel free-space THz measurement setup featuring an electronic-based technique and miniature additivemanufactured hemispherical lens antennas was introduced in this paper. By using lens antennas, the requirements of using many components e.g. parabolic mirrors to synthesize collimated beam radiated from the transmitter and to the receiver can be completely eliminated, easing the measurement setup procedure. Since the measurement concepts used in the setup features standard RF and microwave measurement technique, the setup developed in this paper is compatible with standard high-frequency electronic circuit and component measurement. Moreover, since the THz source used in the setup is based on high-frequency electronic systems, there is no requirement on cooling mechanism using liquid nitrogen or helium as in the conventional laser-based measurement setups. From the measurement demonstration, the THz characterization setup developed in this work has a good measurement agreement compared to the conventional freespace measurement and analytical calculation. Furthermore, the measurement setup also offers excellent figure-of-merit in terms of reliability, sensitivity, accuracy and repeatability.
Even the free-space THz measurement setup developed in this work is very attractive to be used as an alternative measurement setup compared to conventional THz measurement techniques, there are several key developments that should be considered e.g. the implementation of this work for an on-chip/on-wafer free-space THz measurement as shown in Fig. 9 .
